Flowering at the right time is of great importance; it secures seed production and therefore species survival and crop yield. In addition to the genetic network controlling flowering time, there are a number of much less studied metabolites and exogenously applied chemicals that may influence the transition to flowering as well as flower opening. Increased emphasis on research within this area has the potential to counteract the negative effects of global warming on flowering time, especially in perennial crop plants. Perennial crops have a requirement for winter chill, but winters become increasingly warm in temperate regions. This has dramatic effects on crop yield. Different strategies are therefore being developed to engineer flowering time to match local growing conditions. The majority of these efforts are within plant breeding, which benefits from a substantial amount of knowledge on the genetic aspects of flowering time regulation in annuals, but less so in perennials. An alternative to plant breeding approaches is to engineer flowering time chemically via the external application of flower-inducing compounds. This review discusses a variety of exogenously applied compounds used in fruit farming to date, as well as endogenous growth substances and metabolites that can influence flowering time of annuals and perennials.
Flowering time is one of the most important traits with respect to crop yield. Yield is seriously affected by climate change if flowering is not timely with respect to: (i) the availability of pollinators; (ii) late frosts that may destroy flower petals and reproductive tissues; and (iii) balancing the growth period after flowering with respect to severe rainfall, heat spells, and droughts (Craufurd and Wheeler, 2009 , Hänninen and Tanino, 2011 , Coumou and Rahmstorf, 2012 .
Many factors in the complex genetic network controlling flowering time have been elucidated in the annual model plant Arabidopsis thaliana (L.) (Koornneef et al., 1998; Simpson and Dean, 2002; Pajoro et al., 2014; Blümel et al., 2015) . In perennials, knowledge about flowering time-associated genes is scarce due to their long juvenile period and long generation time (Arora et al., 2003; Cooke et al., 2012; Abbott et al., 2015) . Fruit trees are further characterized by an additional level of reproductive control: flower bud dormancy. In spite of many common features (Brunner et al., 2014) , bud dormancy renders it difficult to project regulatory patterns of flowering time in annuals to perennial plants, and vice versa (Horvath, 2009) . Figure 1 shows the complexity that bud dormancy adds to the perennial flowering timeline compared with the annual flowering timeline (e.g. Arabidopsis).
In comparison with the impressive amount of information available about genetic factors in flowering time regulation, our knowledge on the endogenous metabolic grid controlling flowering time as well as the influence of externally applied chemicals is very limited. This can be explained by the difficulty in determining the effect of a single chemical in the crosstalk within the metabolic network.
In this review, we summarize a variety of growth factors, secondary metabolites, and exogenous compounds that have been shown to influence flowering time in annuals and perennial plants. Within annuals, we focus on the model plant Arabidopsis because this is, by far, the best studied species with respect to flowering time. For perennial plants, the data are few and results obtained in different species have been compiled.
Reinvigoration of this research field has great potential, both for basic research discoveries and for biotechnological applications. The possibility to engineer flowering time chemically becomes important in a world increasingly influenced by climate change.
A major group of crop plants that are negatively influenced by climate change are fruit trees belonging to the Prunus genus such as peach (Prunus persica L.), apricot (Prunus armeniaca L.), plum (Prunus mume Siebold & Zucc.), almond (Prunus dulcis (Mill.) D.A.Webb syn. Prunus amygdalus Batsch), and cherry (Prunus avium L.) (combined annual production 2013: 43 Mt, http://faostat3.fao.org, last accessed 14 November 2016). Dormant Prunus flower buds have specific requirements for an accumulated number of cold hours in the course of the winter period. Failure to fulfil this requirement due to warm winters leads to irregular bud break and reduced yields (Campoy et al., 2011; Luedeling, 2012; Sánchez-Pérez et al., 2014) .
A key strategy to adapt crops to a changing climate are plant breeding approaches (Jung and Müller, 2009) . It is, however, worth noting that these approaches are usually quite time-consuming for trees with long juvenile periods. Targeted breeding is further hampered by the scarcity of genetic information available on flowering time regulation in perennials. An alternative approach that is gaining attention is the external application of compounds that compensate for missing chill and are flower-inducing on their own.
This technology is relevant to crops that cannot adapt to the rapidity of climate changes encountered, as well as to newly introduced crops and to trees to compensate for the reduced potential of breeding technologies.
A good example here is hydrogen cyanamide (HC), a flowerinducing compound used in a multitude of fruit trees that is described in detail later (see 'Dormancy-breaking agents'). The problem with this compound is its toxicity, leading to its ban in the EU in (EFSA, 2010 . Knowledge of the molecular endogenous mechanisms of flowering time and the potential to over-rule these processes by 'chemical engineering' constitute an interesting possibility warranting exploitation of new compounds and their possible application to a range of plant species. In an ideal situation, the availability of a single non-toxic chemical would enable the grower to advance or delay flowering time to optimize crop yield. There are, however, limitations to this technology. The effect of flowering time-controlling compounds depends crucially on the applied amounts as well as on the time point of application. Like HC, most compounds used to date are toxic to the environment.
In this review, we aim to: (i) summarize and discuss a range of compounds that are involved in flowering time regulation from a basic research point of view; and (ii) provide a platform for development of new, environmentally safe chemical approaches to control flowering time in crop plants that are negatively affected by climate change.
Dormancy-breaking agents
Different dormancy-breaking agents with varying degrees of effectiveness are applied to perennial crops to advance flowering time.
Action wise, the most successful of these is HC, commercially named Dormex ® (AlzChem, Trostberg, Germany). HC has repeatedly been shown to release bud dormancy in perennials (Guethner and Mertschenk, 2006) : among others, peach (George et al., 1992; Bregoli et al., 2006; Yamane et al., 2011) , Fig. 1 . Differences and similarities of flowering time regulation in annual and perennial angiosperms as exemplified by Arabidopsis and a temperate fruit tree, respectively. In annuals, floral transition and flowering happen almost simultaneously, whereas in perennials these two processes are separated by a rest phase (i.e. bud dormancy), that enables the buds to survive winter. Many annuals including Arabidopsis and perennials growing in temperate regions require cold for flowering, termed vernalization and chill requirements, respectively. (*some accessions).
nectarine (Dozier et al., 1990) , apple (Malus domestica Borkh.; Jackson and Bepete, 1995; Bound and Jones, 2004) , grapevine (Vitis vinifera L.; Shulman et al., 1983; Dokoozlian et al., 1995; Ben Mohamed et al., 2011) , kiwifruit (Actinidia deliciosa; Linsley-Noakes, 1989; McPherson et al., 2001; Walton et al., 2009) , and sweet cherry (Caprile, 2006; Godini et al., 2008) . It is usually applied as a dilute spray at a time point where two-thirds of the flower buds chill requirements are fulfilled.
The precise mode of action of HC remains unresolved, but a number of effects on the transcript, protein, and metabolite level have been reported.
HC application results in reduced catalase activity in grapevine (Pérez and Lira, 2005) , which also happens naturally during the acquirement of chill requirements (Shulman et al., 1986) . HC has been shown to release hydrogen cyanide in a catalase-mediated reaction (DeMaster et al., 1984 (DeMaster et al., , 1985 Shirota et al., 1987) . A different mode of action involves HC inhibition of catalase by direct binding to the heme group (Amberger, 2013) .
The dormancy-breaking action of HC has been proposed to reflect the generation of sublethal oxidative stress (Halaly et al., 2008) . Sublethal stress could be caused by a temporary release of hydrogen cyanide in the buds following HC application. Different responses to application of HC have been reported in grapevine, of which Fig. 2 provides a summary. HC affected the expression of the floral genes PHYTOCHROME A (PHYA), PHYTOCHROME B (PHYB), FLOWERING LOCUS T (FT), and CONSTANS (CO) (Pérez et al., 2011) , and induced expression of the SNF-like protein kinase GDBRPK . Elevated hydrogen peroxide levels in HC-treated grapevine buds have also been reported (Pérez et al., 2008) . In a grapevine microarray study, 12 reactive oxygen species (ROS)-generating as well as ROS-scavenging genes were affected by HC (Sudawan et al., 2016) . Calcium signalling has been implicated in HC-dependent dormancy release (Pang et al., 2007) as well as crosstalk between HC and ethylene signalling (Ophir et al., 2009) . Increased levels of proline and putrescine have been reported in response to HC treatment (Ben Mohamed et al., 2011) . To obtain a comprehensive understanding of the possible interplay between these reported effects, it would be of great interest to examine possible effects of HC application to Arabidopsis plants, taking advantage of the mutant collections and molecular tools developed for studies in this model plant.
Besides HC, a range of other chemicals are applied in fruit farming; their chemical structures are shown in Fig. 3 . The first cyanamide compound used to induce bud break in perennials was calcium cyanamide. Calcium cyanamide is less effective and difficult to apply due to its low solubility, but also less toxic and cheaper compared with HC (Erez, 1994) . Moreover, other nitrogen or sulphur chemicals have been used as dormancy-breaking agents for many years. Dinitroortho-cresol (DNOC) has often been applied in combination with mineral oil in peach and apple orchards (Diaz et al., 1987; Costa et al., 2002) , but, due to its toxicity to humans, its application was prohibited (WHO, 2010) . Potassium nitrate and calcium ammonium nitrate have a milder effect and are being used for bud break induction in mango (Mangifera indica L.) farming (Ramírez and Davenport, 2010) . Sodium azide induces floral bud break in grapevine (Pérez et al., 2009) . Urea, copper sulphate, and zinc sulphate have been used for chemical defoliation and to induce bud break in temperate fruit trees grown in tropical regions (Diaz et al., 1987) . Thiourea was applied to release vegetative bud dormancy, but is toxic to humans (Erez, 1994) . Thidiazuron has been used as a bud break inducer mainly in apples (Wang et al., 1987) . Co-application enhancers such as detergents may increase the Fig. 2 . Hydrogen cyanamide treatment of dormant flower buds of many temperate perennial plants, here exemplified by sweet cherry, leads to advanced bud break compared with untreated control buds and is known to alter several metabolic processes, as shown in grapevine (Pang et al., 2007; Pérez et al., 2008 Pérez et al., , 2011 Ophir et al., 2009; Ben Mohamed et al., 2011; Sudawan et al., 2016) .
effect of dormancy-breaking agents, so that lower amounts of effective but toxic compounds are required.
All of the above-mentioned chemicals are more or less toxic to humans or the environment. As an alternative, natural extracts, for example from garlic (main component: diallyl disulfide), have been successfully used in grapevine (Kubota et al., 2000) and apple (Botelho and Müller, 2007) . Applications of 70% garlic oil were most effective in grapevine, while a concentration of 100% was found to be inhibiting (Kubota et al., 2000) . Similarly, onion extracts induced bud break in apple (Rady and El-Yazal, 2013) . A different study used a hydrolate from Gallesia integrifolia (Spreng.) Harms (main component: dimethyl disulfide) to release endodormancy in grapevine (Maia et al., 2013) . Application of cell extracts of the green alga Chlorella vulgaris (L.) as a foliar spray enhanced bud break in grapevine (El-Moniem and Abd-Allah, 2008) . Also extracts of turmeric, cinnamon, ginger, and colocynth, and oils of nigella, olive, clove, chili, and coffee were tested as bud break inducers in grapevine, albeit with small effects (Ahmed et al., 2014) .
Plant hormones
Classical plant hormones are the first factors that come to mind when summarizing chemical constituents influencing flowering time (Davis, 2009; Domagalska et al., 2010) . The plant response to endogenously produced hormones depends greatly on the timing of their release, the susceptibility of their target tissue, and the hormone concentration. Accordingly, it is difficult to formulate a common scheme of the regulatory metabolic network of phytohormones in different plant species with regard to flowering time. Similarly, considering the many processes that the external application of plant hormones could potentially disturb, their biotechnological application as general flower inducers is unlikely. It is, however, very important to understand how they influence flowering time and their crosstalk with other plant metabolites.
Annual plants
Gibberellic acid (GA) serves as a flowering inducer under certain conditions. Arabidopsis flowers in response to long days but, under short days, floral transition may be induced by treatment with GA. Generally, short-day plants do not respond to GA in terms of floral induction, whereas long-day plants do, although there are exceptions to this rule (Pharis and King, 1985) . The GA-dependent pathway of floral transition has been elucidated by analysis of several Arabidopsis GA-deficient mutants. The ga1-3 mutant is late flowering under otherwise inductive long-day conditions, and does not flower under short days unless treated with GA. The gibberellin-insensitive mutant (gai), which exhibits elevated GA levels and is late flowering under short days, does not respond to GA treatment at all (Wilson et al., 1992) . GA works by the action of DELLA proteins, of which Arabidopsis has five (Alvey and Harberd, 2005) . They are growth repressors, which in the presence of GA are targeted for proteasome degradation, therefore enabling initiation of developmental processes such as flowering. It has been found that DELLAs inhibit the floral integrators SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and LEAFY (LFY). The inhibition on LFY in particular takes place by the action of a miRNA, miR159, which cleaves the mRNA encoding GAMYB transcription factors, preventing them from activating LFY (Achard et al., 2004) . It has further been shown that although GA 4 promotes termination of vegetative growth, it inhibits flower formation (Yamaguchi et al., 2014) . This inhibition is counteracted by the transcription factor LFY, which induces increased expression of GA catabolic genes. Decreased GA 4 levels lead to re-accumulation of DELLA proteins that indirectly induce the floral meristem identity gene APETALA1 (AP1) (Yamaguchi et al., 2014) .
Ethylene's effect on floral transition in Arabidopsis is largely inhibitory. Several ethylene mutants have been identified in Arabidopsis that exhibit late flowering pleiotropic phenotypes. The ethylene-insensitive mutants etr (ethylene receptor) and ein1 and ein2 (ethylene insensitive) have similar late flowering phenotypes (Bleecker et al., 1988) . Both ein1 and ein2 show elevated ethylene levels (Guzmán and Ecker, 1990) . Another mutant, hls (hookless), whose seedlings fail to produce a hook in the absence of ethylene, has decreased ethylene levels and flowers early (Guzmán and Ecker, 1990) . Further, treatment of Arabidopsis plants with gaseous ethylene results in delayed flowering (Achard et al., 2004) . Ethylene delays GA-mediated degradation of DELLA proteins in a Constitutive Triple Response 1 (CTR1)-dependent mechanism, which leads to delayed flowering and demonstrates crosstalk between GA and ethylene in Arabidopsis (Achard et al., 2007) .
In Arabidopsis, there is little evidence of auxin as a main regulator of flowering time. T-DNA insertion lines of the auxin-responsive factors ARF1 and 2 showed a delayed flowering phenotype (Ellis et al., 2005) , suggesting that auxin is an inducer of floral transition in Arabidopsis.
Abscisic acid (ABA) inhibits Arabidopsis floral transition, most probably by up-regulating the expression of the floral repressor FLOWERING LOCUS C (FLC) (Razem et al., 2006) . This was substantiated by overexpression of ABSCISIC ACID INSENSITIVE 5 (ABI5), which is part of ABA signalling and delayed flowering via up-regulation of FLC in Arabidopsis . A similar regulatory mechanism has been reported for ABSCISIC ACID INSENSITIVE 4 (ABI4) (Shu et al., 2015) . It is worth noting that the FLC gene is largely restricted to the Brassicaceae, meaning this mechanism may not be translatable to other species.
Salicylic acid (SA) promotes floral induction in Arabidopsis (Raskin, 1992) . The induction works via the SUMO E3 ligase AtSIZ1, which down-regulates FLC expression (Jin et al., 2008) . SA has further been implicated in stress-induced flowering (see 'Reactive Oxygen Species').
Cytokinins are also regulators of floral transition in Arabidopsis. Isopentenyladenine and zeatin accumulate in leaf tissues as early as 30 h after plant exposure to inductive long-day conditions (Corbesier et al., 2003) . Cytokinin treatment induces floral transition under non-inductive short days via transcriptional induction of the floral activators TWIN
SISTER OF FT (TSF), FLOWERING LOCUS D (FD), and SOC1 (D'Aloia et al., 2011).

Perennial plants
The hormonal regulation of seed dormancy release is relativey well understood and often used as a model for bud dormancy release. The ratio between ABA and GA is the main factor determining seed dormancy. While ABA is involved in the induction and maintenance of dormancy, GA is responsible for dormancy release. Ethylene has also been shown to exert a germination-inducing effect (Beaudoin et al., 2000) . Additional evidence points to the involvement of cytokinins and brassinosteroids in seed germination (Bewley, 1997; Finch-Savage and Leubner-Metzger, 2006) .
ABA seems important for bud dormancy induction and maintenance, but not for dormancy release. To investigate the similarity of seed and bud dormancy, expression of bud dormancy-associated genes in stratified peach seeds was examined with concurrent measurements of the ABA levels (Leida et al., 2012) . The Dormancy-Associated Mads-Box genes DAM1, 5, and 6 were expressed at detectable levels and decreased with the degree of stratification. In contrast, the transcript levels of florigen FT showed a positive correlation to the level of stratification. ABA levels were negatively correlated, confirming the proposed similarity between regulatory mechanisms of seed and bud dormancy (Leida et al., 2012) .
An exhaustive study of bud dormancy induction in poplar (Populus tremula×Populus alba) demonstrated that the presence of ethylene was crucial for ABA accumulation (Ruttink et al., 2007) . Ethylene-insensitive mutants of the perennial plant chrysanthemum (Chrysanthemum morifolium Ramat.) did not enter dormancy, confirming that ethylene in buds is responsible for inducing dormancy (Sumitomo et al., 2008) . In birch (Betula pendula L.), ethylene insensitivity results in the inability to set terminal buds (Ruonala et al., 2006) .
In some perennial species, ethylene may also play a role in bud break. Ethylene promotes flowering time in the short-day plant pineapple (Ananas comosus L.) and is applied as a flower inducer in pineapple farming (Bartholomew, 1977) . Ethylene also induces flowering time in Guzmania lingulata (L.) Mez., which, like pineapple, belongs to the Bromeliaceae (Dukovski et al., 2006) . Treatment of grapevine buds with 100 ppm gaseous ethylene increased bud break compared with controls (Ophir et al., 2009 ). These results demonstrate that ethylene is important for both induction and release of bud dormancy, although most probably through different pathways.
Although GA is a known regulator of flowering time in annual plants, it has not been possible to establish a unifying model explaining the effects of GA on bud dormancy release in perennials. The role of GA in flower bud initiation in perennial woody plants seems mostly inhibitory (Pharis and King, 1985) . The GA exerting the negative effect on flower bud initiation may be derived from unripe seeds, although the amounts of GA transported from seed to meristem have been reported to be very low (Dennis and Neilsen, 1999) .
GA's effect on bud break, on the other hand, is unclear, as both promoting and inhibiting effects have been reported.
Exogenous application of up to 250 ppm GA in grapevine inhibited shoot growth and delayed bud burst (Weaver, 1959) . Inhibition of flower induction following GA 3 treatment has been reported in peach, apricot, almond, sweet cherry, and apple (Malus domestica Borkh) (Hoad, 1983) . The genetic basis for GA-mediated inhibition was obtained in grapevine carrying a point mutation in the DELLA protein GIBBERELLIC ACID INSENSITIVE (GAI) (Boss and Thomas, 2002) . The mutation resulted in a phenotype with an increased number of inflorescences, demonstrating that GA inhibits the formation of inflorescences from tendrils in grapevine. In contrast, other studies reported a flower-inducing effect of GA treatment. A dormancy-releasing effect was observed upon treatment of dormant leafy spurge (Euphorbia esula L.) with up to 500 ppm GA (Shafer and Monson, 1958) . In birch, up to 100 mg l -1 GA treatment promoted early bud break (Eagles and Wareing, 1964) . In poplar, 1-10 µM GA 4 , but not GA 3 , induced bud break (Rinne et al., 2011) . Similarly, application of 100 µM GA 4 to Japanese pear (Pyrus pyrifolia Nakai) increased bud break (Zhuang et al., 2013) . The inductive effect of GAs on bud break could partly reflect antagonism with DELLA proteins. Cold-hardiness in poplar is mediated by the C-repeat binding family of which CBF1 is a member (Benedict et al., 2006) . At least in Arabidopsis, the CBF1 regulon facilitates accumulation of DELLA proteins (Achard et al., 2008a) . GAs could be hypothesized to release the growth-inhibiting effect of CBF1 via DELLA degradation. In poplar, GA 3 and GA 4 induced CENTRORADIALIS-LIKE 1 (CENL1) expression (Rinne et al., 2011) . Concentration, time point of application, and type of GA used in the described experiments are possible reasons for the deviating results obtained. A potential explanation is offered by recent studies in Arabidopsis, demonstrating a promoting effect of GA 4 on termination of vegetative growth but an inhibiting effect on flower formation (Yamaguchi et al., 2014) .
During bud dormancy, plasmodesmata in the bud are blocked by deposited callose (1,3-β-d-glucan) (Rinne and Schoot, 2003) . 1,3-β-d-Glucanases catalyse callose degradation and have been implicated in bud dormancy release and seed germination (Leubner-Metzger, 2003) . Callose-blocked plasmodesmata prevent FT protein from moving from embryonal leaf companion cells to the shoot apical meristem during dormancy. Once callose is degraded, FT is free to move and fulfil its function. In poplar, 1,3-β-d-glucanases are induced by chilling as well as by GA 3 (Rinne et al., 2011) .
In poplar, zeatin and zeatin riboside accumulate in the course of bud dormancy release (Hewett and Wareing, 1973) . In rose (Rosa hybrida L.), external application of isopentenyladenine and zeatin counteracted the negative effect of darkness on bud outgrowth (Roman et al., 2016) . EARLY BUD BREAK 1 (EBB1) is a recently discovered poplar transcription factor from the AP/ERF family, which is involved in bud break and is induced upon cytokinin treatment (Yordanov et al., 2014) . EBB1 homologues have been found in peach, apple, and grapevine (Busov et al., 2016) .
Regulation of flowering time in perennial plants seems to happen independent of auxin and SA.
Reactive oxygen species (ROS)
ROS may function as flower inducers in annual and perennial plant species when present at adequate levels.
Plant interaction with their environment includes exposure to abiotic and biotic stress factors. Abiotic stresses includes exposure to, for example, ozone, heat, drought, or flooding, and exposure to high and low light irradiation . Biotic stresses includes attack by herbivores and pests. As a response to such challenges, plants produce ROS often catalysed by the action of respiratory burst oxidase homologues (RBOHs). ROS may serve as short-and long-distance signalling compounds (Møller and Sweetlove, 2010; Mittler et al., 2011; Baxter et al., 2014) that may affect flowering time.
When plants are stressed, early flowering may constitute an evolutionary advantage by optimizing seed set and therefore species survival. Arabidopsis and many perennials respond to heat stress with an advanced flowering time (Wang et al., 1991; Wample, 1993; Balasubramanian et al., 2006) , and drought response and flowering time are correlated in several Arabidopsis ecotypes (Schmalenbach et al., 2014) . The observed correlation between drought and early flowering is termed 'drought escape' or 'stress-induced flowering' Takeno, 2012) . With the exception of SA and FT, not many factors involved in stress-induced flowering have been identified. In Pharbitis nil (L.), increased levels of SA and FT were detected as part of stress-induced flowering , whereas elevated levels of SA were observed in Lemna paucicostata (Hegelm.) during starvation-induced flowering (Shimakawa et al., 2012) . ROS levels have not been measured in connection with stress-induced flowering, but only in connection with HC treatments (see 'Dormancy-breaking agents').
Under natural conditions, ROS accumulation has been associated with bud break in perennials (i.e. bud dormancy release). Hydrogen peroxide levels increased gradually in flower buds of Japanese pear and peaked when bud dormancy was broken (Kuroda et al., 2002) . Hydrogen peroxide accumulation was correlated to chill accumulation in Japanese pear (Kuroda et al., 2002) as well as in Japanese litchi (Litchi chinensis Sonn.) (Zhou et al., 2012) .
Links between stress responses and flowering have been demonstrated in Arabidopsis. The late-flowering Arabidopsis mutant gigantea is resistant to the ROS-inducing herbicide paraquat (Kurepa et al., 1998) because of constitutive upregulation of the antioxidant enzymes superoxide dismutase and ascorbate peroxidase (Cao et al., 2006) . A separate link is mediated by FLAVIN-BINDING KELCH-REPEAT F-BOX1 (FKF1), which advances flowering time by stabilizing CO and activating FT while removing the floral inhibitor CYCLING DOF FACTOR 1 (CDF1) (Song et al., 2012) . Phase delays and dose-dependent lengthening in FKF1 expression as a result of different ROS-inducing treatments are strong indicators for a direct effect of ROS on the photoperiod-dependent pathway of floral induction (Lai et al., 2012; Kocsy et al., 2013) . In the absence of stress, the Arabidopsis zinc finger transcription factor OXIDATIVE STRESS 2 (OXS2) is localized in the cytoplasm and responsible for vegetative growth and late flowering. During stress, OXS2 is translocated into the nucleus and is responsible for stress tolerance. At high stress levels, OXS2 binds to the promotor region of the floral integrator gene SOC1 and induces flowering (Blanvillain et al., 2011) .
DELLAs are universal growth repressors and integrators of phytohormone signals in plants, and may also control ROS levels. The decrease of ROS levels by DELLAs after biotic or abiotic stress could indicate a concerted action of plant hormones such as GA and ROS to induce floral transition (Achard et al., 2008b) .
Similar to flower induction, seed germination has been linked to increased ROS levels. In sunflower (Helianthus annuus L.), superoxide and hydrogen peroxide were found to accumulate in the embryonic axis in after-ripened seeds (Oracz et al., 2007) .
Experimental monitoring of the action of ROS as flower inducers is hampered by their instability and volatility, and the difficulty in determining the levels in the specific cells where they exert their action. Excessive stress levels are lethal, so proper control of the optimal endogenous levels is crucial to induce bud break or flowering. For the external application of potential ROS inducers to influence flowering time, each inducer needs to be assessed carefully, with respect to concentration and time of application, to meet the different demands of each species and cultivar at its respective geographic location.
Polyamines
The role of polyamines in flower induction seems to be confined to perennial plants. Polyamines are nitrogen-containing compounds,with spermine, spermidine, and putrescine being the most abundant in plants. In general, they serve to stabilize anionic molecules such as DNA, RNA, and proteins, thereby promoting growth and development. Spermine has also been shown to function as a ROS scavenger, protecting DNA from oxidative damage (Ha et al., 1998) .
In apple flower buds, the levels of putrescine, spermidine, and spermine peak when the chill requirements of the buds are fulfilled (Wang and Faust, 1994) . Inhibitors of polyamine biosynthesis decrease polyamine titres in the flower buds and result in reduced bud break (Wang and Faust, 1994) . In grapevine, flower bud content of proline, putrescine, and spermidine is correlated to chill accumulation (Ben Mohamed et al., 2010) . Polyamines as well as ethylene are biosynthesized from S-adenosylmethionine (SAM). Both ethylene precursors and polyamine levels increase in endodormant cherry buds until bud break (Wang et al., 1985) . Overexpression of spermidine synthase and spermine synthase from the herbaceous perennial Gentiana triflora (Pall.) in Arabidopsis hastens flowering, and leads to an increase and decrease FT and FLC gene expression, respectively (Imamura et al., 2015) . This may be an indicator for an effect of polyamines on flowering in annuals. More research within this area is warranted before an evaluation of the potential of polyamines as flower inducers can be made.
Hydrogen cyanide
At first sight, a role for toxic hydrogen cyanide as a flower inducer would appear counterintuitive. However, there is increasing support for hydrogen cyanide as a contributor to dormancy release. No evidence, however, points to the action of hydrogen cyanide as an inducer of flowering time in annual plants.
Known routes resulting in hydrogen cyanide production in plants are outlined in Fig. 4 and described in detail in the following and in the section on 'Dormancy-breaking agents'.
The final step in ethylene biosynthesis is catalysed by the enzyme aminocyclopropane carboxylate oxidase and results in formation of stoichiometric amounts of ethylene and hydrogen cyanide. Hydrogen cyanide rapidly up-regulates aminocyclopropane carboxylate synthase via positive feedback (McMahon Smith and Arteca, 2000) .
Hydrogen cyanide treatment of dormant grapevine buds resulted in increased bud break rates compared with controls, demonstrating that hydrogen cyanide acts as a flower inducer in bud dormancy (Tohbe et al., 1998) . Exposure of dormant sunflower seeds to hydrogen cyanide advanced germination, even in the presence of inhibitors of ethylene biosynthesis (Oracz et al., 2008) . Transcript levels of the ethylene response factor ERF1 were markedly increased by hydrogen cyanide as well as by after-ripening (Oracz et al., 2007) . Hydrogen cyanide has been proposed to increase ROS levels by inhibiting antioxidant enzymes such as catalase (Hendricks and Taylorson, 1975) . Based on the results obtained, ERF1 was proposed as a common factor in ethylene and hydrogen cyanide signalling (Oracz et al., 2008) . In vitro experiments have demonstrated that hydrogen cyanide binds specifically to the ethylene receptor ETR1 from Arabidopsis, once again indicating crosstalk between the hydrogen cyanide and ethylene signalling pathways (Bisson and Groth, 2012) .
A multitude of plant species spanning from ferns to gymnosperms and eudicots possess an alternative route to hydrogen cyanide production. They have a compartmentalized two-component defence system based on cyanogenic glycosides and an enzyme system containing a β-glucosidase and an α-hydroxynitrilase (Tattersall et al., 2001; Møller, 2010; Gleadow and Møller, 2014; Clausen et al., 2015) . Upon disruption of the subcellular structure, for exampe by a chewing insect, the defence system is activated, resulting in hydrolysis of the cyanogenic glucoside and production of hydrogen cyanide, a ketone, and sugar (Gleadow and Møller, 2014) . The toxic hydrogen cyanide may deter herbivores and pests from damaging the plant. In addition, hydrogen cyanide release may serve as a signal compound involved in bud dormancy release. In Eucalyptus camphora (R. T. Baker), high levels of the phenylalanine-derived cyanogenic glucoside prunasin are present in flower buds (Neilson et al., 2011) . In Eucalyptus cladocalyx (F. Muell.), the cyanide content peaks in young flower buds and decreases as they mature to flowers and fruits (Gleadow and Woodrow, 2000) .
Nevertheless, it remains unknown by which molecular mechanisms hydrogen cyanide is able to influence bud break and germination. One possible scenario could function via the cyanide detoxification pathway: hydrogen cyanide is converted into ammonia, asparagine, and aspartic acid by the action of β-cyanoalanine synthase (CAS) (Miller and Conn, 1980) . Those amino acids contribute to the plant's nitrogen pool, which could help to promote germination (Pičmanová et al., 2015) . The same mechanisms could be true for bud dormancy release.
An alternative endogenous turnover pathway has been proposed for cyanogenic glycosides, which does not include the release of hydrogen cyanide but instead results in formation of reduced nitrogen in the form of ammonia (Pičmanová et al., 2015) . Nitrogen allocation may also contribute to bud dormancy release. Studies on the effect of hydrogen cyanide on floral transition in annual plants are warranted. While hydrogen cyanide could potentially be used as a flower inducer, some of the same problems as with ROS-inducing compounds may be encountered. Cyanide is toxic to the plant if applied in concentrations that are in excess of the detoxifiable amounts.
Sugars
Sugars are important signalling compounds in different plant developmental processes (Gibson, 2005) , their role as inducers of flowering time in annual and perennial species being one of them (Bernier et al., 1993) . Crosstalk between sugars and the photoperiod pathway of flower induction has been demonstrated (Bolouri Moghaddam and Van den Ende, 2013) . It has further been shown that Arabidopsis plants grown on sucrose-containing media flower in darkness (Roldán et al., 1999) . Administration of sucrose rescues several mutants in the long-day-dependent photoperiod pathway (CO, GI) and the autonomous pathway (FCA, FPA, FVE) . This demonstrates that sucrose administration partially over-rides the endogenous control mechanisms of photoperiod and the autonomous pathway of flower induction in Arabidopsis (Roldán et al., 1999) . Trehalose-6-phosphate (T6P) has recently been shown to function as an important indicator for carbohydrate status. T6P is a precursor for trehalose and is synthesized by the action of trehalose-6-phosphate synthase (TPS) (van Dijken et al., 2004) . Trehalose is typically found in anhydrobionts and resurrection plants, where it stabilizes proteins during dehydration. In non-resurrection plants, trehalose levels are much lower and may serve a signalling function (van Dijken et al., 2004) . T6P affects genes known to influence flowering in Arabidopsis in two ways. In the leaves, TPS activity is required for the induction of FT and thereby integrates control of photoperiod with carbohydrate signalling (Wahl et al., 2013) . In the shoot apical meristem, T6P influences the expression of genes involved in ageing, such as SQUAMOSA PROMOTOR-LIKE (SPL) genes, in a photoperiod-independent manner (Wahl et al., 2013) . The Arabidopsis sweetie mutant accumulates up to four times higher trehalose levels than the wild type and shows a dwarfed phenotype with sterile flowers (Veyres et al., 2008) , indicating the importance of trehalose metabolite levels in controlling plant growth and development. The effect of T6P on perennial bud break has not been investigated yet.
Crosstalk between sugars and phytohormones plays a role in flower induction (Matsoukas, 2014) . Gentiobiose, a disaccharide made of β-1,6-linked glucose molecules, acts as a bud break inducer in the herbaceous perennial Gentiana (Shirota et al., 1987) . (This figure is available in colour at JXB online.) Table 1 No effect reported (Takahashi et al., 2014) . Metabolite profiling of Gentiana buds treated with 1% gentiobiose revealed elevated levels of sulphur-containing amino acids as well as glutathione and ascorbate (Takahashi et al., 2014) . Also glucose and fructose levels have been shown to correlate with chill accumulation in Prunus spp. (González-Rossia et al., 2008) . Although sugars are involved in many plant processes, as non-toxic and in most cases cheap compounds, they may have potential as flower-inducing compounds.
Conclusions
Research on the chemical regulation of flowering time in annual and perennial plants has progressed steadily over the last decades. Important new knowledge on the effect of hormones and other endogenous metabolites has been obtained, although we lack similar advances on the identification of new environmentally benign chemicals with the potential to control flowering time. For many of the flower-inducing chemicals already used in agriculture, we have pure observations and are lacking deeper insights into the underlying mechanisms. Initiation of concerted research initiatives is required to fill this knowledge gap and should be accompanied by a thorough understanding of bud dormancy and bud break in perennials at the genetic level. The chemicals discussed in this review show the following common features and differences in flowering time regulation (Table 1) . The common positive regulators of flowering time include cytokinins, sugars, and ROS. ABA is an inhibitor of flower induction. Ethylene releases bud dormancy, but inhibits floral transition in Arabidopsis. GAs are known inducers of flowering time in annuals, while their effects are unclear in perennials. Conversely, polyamines are stimulators of bud break, whereas their role in floral transition is unknown.
Furthermore, there are dormancy-breaking agents such as HC, which seem to release bud dormancy by the generation of sublethal oxidative stress, while their effect on floral transition in annuals remains unknown. The schematic diagrams in Figs 5 and 6 summarize the effects of these chemicals on the genetic regulatory network of flowering time in annual and perennial plants, respectively. The low number of plant species currently studied renders it difficult to predict how uniform the regulatory systems turn out to be within annual plant species and within perennials. In this review, examples eluding to the possible future effects of climate change on flowering time induction have been given. To counteract such changes, a better understanding of common and differing features of floral transition and bud dormancy of a large number of different species including both model plants and crop plants needs to be acquired. This type of knowledge will guide marker-assisted plant breeding to obtain crop plants adapted to altered environmental challenges. However, the abiotic and biotic changes encountered may be too rapid to be counteracted by plant breeding. As outlined in the current review, a parallel approach based on flowering time control by the exogenous application of environmental benign chemicals is therefore highly relevant. The challenges faced by this approach include identification of a set of highly effective environmentally benign compounds for exogenous application supported by detailed knowledge about the most effective concentration, the optimal time point of application, and possible side effects, such as toxicity. If these obstacles can be overcome, chemical control of flowering may be an approach that can draw level with plant breeding in the years to come.
